Operational cellulose acetate reverse-osmosis membranes were examined for evidence of 
can utilize CA as a carbon and energy source, (ii) physical damage to the membrane should be attributable to microbial presence, and (iii) mi- crobial occurrence and membrane failure should be positively correlated.
The ability to degrade cellulose is widespread among the higher fungi (20) and some groups of bacteria (24) , but the ability of microorganisms to degrade substituted cellulose such as CA is less well known. Reese (22) reported that cellulose derivatives became more resistant to enzymatic attack with increasing degrees of acetate substitution. Generally one substitution per anhydroglucose unit (degree of substitution [DS] equal to 1.0) is thought to be sufficient to confer protection from enzymatic attack (8) . However, the DS value represents an average, and a DS higher than 1.0 is required to insure at least one substitution per anhydroglucose unit.
Reese (22) found that a number of cellulolytic fungi were able to completely degrade a watersoluble CA with a DS of 0.76 through the action of cellobiose octaacetase. However, this enzyme was apparently only able to deacetylate short oligomers of CA. Organisms possessing cellobiose octaacetase were not able to degrade cellulose triacetate (CTA) with a DS of 2.86 and were not tested for their ability to degrade CA of intermediate degrees of substitution. Cantor and Mechalas (6) demonstrated that some bacteria were able to degrade CA membranes on nutrient agar, but the DS of the constituent CA was not stated, nor was the membrane present as the sole carbon source.
CAs of modem reverse-osmosis membranes generally have higher DS values than earlier membranes. Early membranes were commonly constructed of a single CA, usually CA 398-3 (DS of 2.45), whereas current membranes are generally a blend of CA (DS of 2.4 to 2.5) and CTA (DS of 2.86) according to Saltonstall (25) and King et al. (14) . Some membranes are also constructed solely from CTA in a hollow configuration. Because of their high DS, it is doubtful that presently used CA membranes are susceptible to microbial attack. However, the ability of microorganisms to attack modem membranes is uncertain.
This study examines the ability of bacteria and fungi isolated from operational CA reverse-osmosis membranes to degrade CA and modem CA and CTA membranes. MATERIALS Bacteria were enumerated from spiral wound membranes by swabbing 2-cm2 areas of feed and product surfaces with sterile cotton. Swabs from the feed side of the leaves were taken directly from the membrane surface, and swabs from the product side were taken from the dacron backing. The swabs were placed in 2 ml of pH 7 sterile phosphate buffer and agitated on a Vortex mixer, and 1-ml samples were used for nutrient agar pour plates. Colonies developing at 250C were 30 days, and samples from each flask were transferred to nutrient agar plates (bacteria) and cornmeal and malt agar plates (fungi) for isolation and identification.
Bacterial colonies from direct isolations, enumeration plates, and enrichment plates and flasks were subcultured until pure cultures were obtained. The isolates were screened on the basis of colony morphology on Trypticase soy agar (BBL), Gram stain, and cell morphology. Representative isolates were classified according to Bergey's Manual of Determinative Bacteriology (5) and the CRC Handbook ofMicrobiology (10) for a more detailed description of Bacillus.
Fungal colonies isolated from enrichment flasks were identified with the aid of dissecting and compound microscopes. Colonies of Fusarium were distinguished from Cephalosporium-type fungi (including Phialophora) by their faster growth rate (greater than 35 mm in 10 days) and the production of macroconidia (9) . The Several qualitative tests were used to evaluate the ability of organisms to degrade cellulose and cellulose derivatives. Fungi and bacteria were tested for the ability to clear a 0.25% (wt/vol) suspension of phosphoric acid-swollen cellulose in tubes of BM agar (21, 32) . Depth of clearing was measured after 5 weeks. Fungi were also tested for the ability to clear powdered CA 398-3, phosphoric acid-treated blend membrane, and phosphoric acid-treated CTA hollow fibers with the same technique. Bacteria were also tested on plates of 0.5% (wt/vol) carboxymethyl cellulose (9M8F; Hercules, Inc., Wilmington, Del.) in BM agar (13) .
Fungi and bacteria were tested for their ability to degrade strips of filter paper (1 by 7.5 cm) in tubes of HUT-FW. After 4 weeks of incubation, the bacteria were reinoculated and enriched with yeast extract (final concentration, 0.05%) to encourage growth. Fungi were tested for the ability to degrade strips of blend membrane in tubes of BM-FW and BSY-FW. Bacteria were tested on strips of blend membrane in HUT; as in the filter paper test, after 4 weeks, bacterial tubes were reinoculated and enriched with yeast extract. The degradation of filter paper and membrane strips was assessed visually; loss of structural integrity was evaluated by vigorously swirling the tubes on a Vortex mixer. One set of blend membrane strips in HUT-FW was sterilized with propylene oxide and inoculated with fungi. Fungi were also inoculated onto deacetylated blend membrane strips in BM-FW. The membrane was deacetylated by soaking in equal volumes of ethanol and ammonium hydroxide for 24 h to the point of acetone insolubility.
More sensitive quantitative tests were performed on powdered CAs inoculated with microorganisms under several different cultural conditions. These included the following.
For CA 400-25, fungi were cultured on 3.5 g of CA 400-25 in 100 ml of BM-FW for 9 weeks. Bacteria were cultured on 2.0 g of CA 400-25 in 100 ml of HUT-FW for 8 weeks.
For CA 394-45, fungi and bacteria were cultured on 1.5 g of CA 394-45 in 100 ml of BSY for 4 weeks. The fungal genera isolated from reverse-osmosis modules and waters within the Roswell Test Facility and the numbers of different species or biovariants of the genus or species identified were: Acremonium, 1; Alternaria, 1; Aspergillus, 2; Aureobasidium, 1; Candida, 1; Cladosporium, 1; Cleistothecial ascomycetes, 1; Fusarium, 6; Geotrichum, 1; Mucorales, 1; Mycelia Sterilia, 1; Penicillium, 4; Phialophora, 3; Rhodotorula, 1; and Trichoderma, 1. The bacterial genera isolated and the number of different species or biovariants of the genus or species that were identified were: Acinetobacter, 1; Arthrobacter, 3; Bacillus, 5; Flavobacterium, 2; Kurthia, 1; Lactobacillus, 11; Micrococcus, 1; Micromonospora, 1; and Pseudomonas, 7. Organisms appear to be common soil and water inhabitants (1, 4) . Although many of the fungi in these genera are known to be cellulolytic, particularly species of Trichoderma (1, 28, 20) , cellulose bacteria such as Cellulomonas, Cytophaga, or Sporocytophaga were not isolated in either direct or enrichment cultures. Some species of Bacillus, Micrococcus, Micromonospora, and APPL. ENVIRON. MICROBIOL.
Pseudomonas have been reported to be cellulolytic (1, 28), but subsequent testing of these isolates proved negative.
The densities of bacteria as determined by plate counts in Dow and Hydranautics modules are given in Table 2 . The frequencies of occurrence of fungi as determined by direct isolation and enrichment techniques for the same modules are given in Table 3 .
The ability to degrade cellulose was indicated by clearing of suspensions of acid-swollen cellulose and growth on filter paper as a sole carbon source. Cellulolytic ability was widespread among the fungi isolated from the Roswell Test Facility ( Table 4) . None of the fungi cleared CA 398-3, phosphoric acid-treated blend membrane, or CTA hollow fibers after an incubation in excess of 4 months (data not shown). Fungal growth was sparse on blend membrane strips in BM-FW medium (Table 4 ) and was only slightly better growth on gas-sterilized blend membrane in HUT-FW medium (data not shown). Growth on blend membrane in BSY medium (Table 4) was good, but this growth was undoubtedly supported by yeast extract. None of the membrane strips exhibited any visual signs of degradation or loss of structural integrity after an incubation in excess of four months. Fungi grew vigorously on deacetylated blend membrane in BM-FW, and many strips were degraded to the point of fragmentation when the tubes were agitated ( Table 4 ). The data suggest that although many of the fungi were strongly cellulolytic, they were unable to degrade intact CA reverse-osmosis membranes or their constituent CA. The vigorous growth on deacetylated membrane suggested that deacetylation was prerequisite for degradation of CA.
Bacteria were more limited than the fungi in the capacity to degrade cellulose. None of the 33 bacterial groups isolated from Roswell Test Facility was able to degrade acid-swollen cellulose, carboxymethyl cellulose, or filter paper (with or without yeast extract amendments) after 30 days of incubation. Cellulomonas cultures exhibited a pulping or macerative effect on filter paper after 10 days. However, none of the bacteria produced visible effects on strips of blend membrane in HUT-FW (with or without yeast extract amendment) after an incubation in excess of 2 months (data not shown).
Because none of the qualitative tests indicated that the bacterial and fungal isolates from the Roswell Test Facility or acquired cultures could degrade CA membranes or suspensions of CA, more sensitive quantitative tests were performed to insure that visually undetected degradation was not occurring. If CA degradation occurred, either the acetates or the cellulose polymer (or both) would be cleaved, resulting in production of these relatively small amounts of reducing sugars may have been the result of cellulase activity on contaminating cellulose in the sample (17) . Other tests showed that these fungi were not able to produce significant deacetylation or depolymerization of the CA. Thus, we conclude that the production of small amounts of reducing sugars was not regarded as sufficient evidence for CA degradation.
Eastman CA 400-25 was not degraded by any of the 33 bacteria isolates tested from the Roswell Test Facility (data not shown). No significant differences were found between the bacterial isolates and the control values for acetyl content, intrinsic viscosity, and reducing sugar content. Again the reducing sugar content of the bacterial cultures was generally higher than the control, but this was attributed to factors other than CA degradation.
Yeast extract was used in the CA 394-45 medium to determine whether CA degradation required an alternate carbon source or a more nutritionally complete environment (Table 6 ). Growth of the microorganisms was vigorous, especially for the fungi, where the mycelia often sequestered the bulk of the powdered CA. The analysis of variance of the acetyl contents and intrinsic viscosities was not significant. The analysis of variance for reducing sugar content was significant, but treatment values were lower than the control and were attributed to the uptake of reducing sugars during growth. The high reducing sugar content in the control was due to the reducing sugar present in the yeast extract. The vigorous growth of the organisms Primary enrichment cultures of CA membranes were analyzed for CA degradation to explore the possibility that CA degradation might require the concerted efforts of several organisms. The enrichment cultures included flasks of BM medium containing 1% (wt/wt) CA 398-3, inoculated with membrane pieces from each module and incubated for 100 days. Sufficient material from each sample was not available to determine both acetyl content and intrinsic viscosity or to perform analyses in replicate. However, analyses on control CA were done in triplicate, and 95% confidence intervals were calculated for the control. No large declines in either acetyl content or intrinsic viscosity were found ( Table 7) . All values of acetyl content fell within the 95% confidence intervals of the control. Values for intrinsic viscosity fell with the 95% confidence intervals of the control, except for two values that were higher and therefore not indicative of depolymerization. The amounts of reducing sugars in the medium were small and in most cases not detectable. Thus, no significant deacetylation or depolymerization of CA occurred in these enrichment cultures.
None of the bacteria or fungi inoculated onto CTA hollow fibers and incubated for up to 8 weeks resulted in significant declines in membrane performance (Table 8) . Three additional cultures of Trichoderma, Candida, and inoculum from a primary enrichment culture of CA 398-3 were also tested in BM and BM-FW media. However, declines in the performance of the CTA fibers were not detected after 8 weeks of incubation (Table 9 ). DISCUSSION Reese (22) postulated that cellulose derivatives became more resistant to enzymatic attack with increasing degrees of substitution. Cowling (8) suggested that one substitution per anhydroglucose unit (DS of 1) was sufficient to impart protection from enzymatic attack. In the current study, organisms capable of vigorously degrading various forms of cellulose failed to degrade in vitro CA membranes unless the membrane had been previously deacetylated. These results are consistent with the suggestions of Reese and Cowling; deacetylation appears to be a prerequisite for biological degradation of CA membranes and their constituent CAs. Although most of the fungi were strongly cellulolytic, there was no evidence that the fungal or the bacterial isolates enzymatically deacetylated CA or depolymerized the cellulose backbone of CA. Microorganisms did not appear to affect membrane performance when inoculated onto CTA hollow fibers; according to Cantor and Mechalas (6) , the loss of salt rejection is the most sensitive measure of membrane damages.
The occurrence of microorganisms and the rate of decline of salt rejection appear to be inversely related. If the slopes of the regression equations (Table 1) are compared with the densities of fungi and bacteria (Table 2 and 3) , it is clear that high rates of decline of salt rejection are associated with low frequencies of microbial contamination (with the exception of the Fluid Systems membrane). In contrast, Dow Ilb had the highest levels of contamination, yet the lowest rate of decline in salt rejection. The Kendall's coefficients of rank correlation (24) between rate of decline and occurrence of fungi and bacteria in Dow I, Ilb, and III determines the salt rejection properties in addition to protecting the CA from enzymatic attack; thus, it is unlikely that deacetylation sufficient to allow microbial colonization would occur before serious impairment of membrane performance would be apparent. If a deacetylation were to occur, the decline in membrane performance would be caused by chemical deacetylation. The effects of subsequent microbial colonization would be secondary.
These data suggest that microbial degradation of operational CA reverse-osmosis membranes at the Roswell Test Facility or other facilities is unlikely. Furthermore, it appears that as long as the CA has a high degree of acetyl substitution and the membrane is not exposed to conditions which favor deacetylation, microorganisms cannot readily degrade modern CA membranes.
